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Abstract
Varying the thermal boundary conductance at metal-dielectric interfaces is of 
great importance for highly integrated electronic structures such as electronic, 
thermoelectric and plasmonic devices where heat dissipation is dominated by 
interfacial effects. In this paper we study the modification of the thermal boundary 
conductance at metal-dielectric interfaces by inserting metal interlayers of varying 
thickness below 10 nm. We show that the insertion of a tantalum interlayer at the 
Al/Si and Al/sapphire interfaces strongly hinders the phonon transmission across 
these boundaries, with a sharp transition and plateau within ~1 nm. We show that 
the electron-phonon coupling has a major influence on the sharpness of the transition 
as the interlayer thickness is varied, and if the coupling is strong, the variation in 
thermal boundary conductance typically saturates within 2 nm. In contrast, the 
addition of a nickel interlayer at the Al/Si and the Al/sapphire interfaces produces a 
local minimum as the interlayer thickness increases, due to a more similar phonon 
dispersion between Ni and Al. The weaker electron-phonon coupling in Ni causes 
the boundary conductance to saturate more slowly. Thermal property measurements 
were performed using time domain thermo-reflectance and are in good agreement 
with a formulation of the diffuse mismatch model based on real phonon dispersions 
that accounts for inelastic phonon scattering and phonon confinement within the 
interlayer. The analysis of the different assumptions included in the model reveals 
when inelastic processes should be considered.
Introduction
Interfaces play an important role in nanoscale heat transport. In thin films with 
thickness of the order of the Kapitza length lK= RKk (where RK is the Kapitza 
resistance, the inverse of the thermal boundary conductance G, k is the thermal 
conductivity), interfaces cannot be neglected. Highly integrated electronic structures 
are often composed of numerous thin films with dissimilar properties, and therefore 
detailed knowledge of heat transport at these interfaces is required in numerous 
significant technologies[1–4]. For example, highly efficient thermoelectric devices 
require a low k=ke+kp, where the total thermal conductivity has components due to 
phonons (kp) and electrons (ke)[5–7]. Since σ and ke are interrelated, reducing the 
phonon thermal conductivity of the thermoelectric material is the most preferred way 
for enhancing the thermoelectric efficiency[8,9]. Another example is the heat 
generation in heat-assisted magnetic recording (HAMR) devices[10]. Here, a 
plasmonic near field transducer (NFT) heats a nearby magnetic medium by 
concentrating laser energy to a sub-wavelength spot. To avoid excessive heating of 
the plasmonic device, the heat generated in the NFT metal must be efficiently 
dissipated to a nearby dielectric through a boundary. This has to be achieved while 
preserving low optical losses in the plasmonic device, but typical low-loss plasmonic 
metals have a high thermal boundary resistance.
Understanding interfacial heat transport mechanisms can provide additional 
ways to tune the thermal boundary conductance, which is critical in heat 
management applications and for the engineering of novel micro and nano-electronic 
devices [6,9–11]. Cheaito et al. studied both experimentally and theoretically the 
thermal boundary conductance accumulation function across a range of metal/native 
oxide/Si and metal/sapphire systems, showing the importance of phonon spectral 
overlap to obtain large-G interfaces[12]. Despite the existing body of literature 
reporting on the thermal boundary conductance G of various interfaces, tuning or 
modifying it remains a major challenge. The addition of a metallic interlayer is an 
area of active research[12–16]. The dominant factors that drive the change in G with 
the use of a metallic interlayer are believed to be: intermediate phonon properties to 
bridge mismatch between top metal and dielectric, influence of the electron-phonon 
coupling g of the interlayer, and changes in metal-dielectric bond strength. The latter 
factor is the least investigated, given the difficulty in experimentally quantifying 
adhesion strength as function of metal and interlayer composition.
Wang et al.[12] used Boltzmann transport simulations to suggest that the 
insertion of an interlayer with intermediate g strength at a metal-dielectric interface 
significantly enhances G. They studied the effect of Al and Pt interlayer at the Au/Si 
interface with interlayer thickness varying between 10 nm to 100 nm. Having a g in 
the interlayer larger than that of the top Au metal allows for a more conductive 
energy transfer pathway from the electrons, which are the dominant energy carriers 
in the top metal and the interlayer, to the phonons, which carry the energy in the 
dielectric substrate. Similarly, Li et al.[16] showed that insertion of a 20 nm thick Ni 
interlayer at Au/Sapphire interface can reduce the interfacial resistance by 70%. 
Jeong et al.[14] showed the effect of adding an interlayer with intermediate Debye 
temperature between a metal and dielectric by studying the thickness-dependent 
effect of Cu and Cr interlayers at the Au/sapphire interface. Adding a material with 
intermediate Debye temperature can enhance thermal boundary conductance by 
bridging phonon transport, since otherwise the elastic phonon scattering phase space 
would be reduced. This reasoning is in line with non-equilibrium molecular 
dynamics simulations of English et al.[13]. Jeong at al.[14] also developed a model 
to predict the evolution of G as a function of interlayer thickness based on phonon-
metal/phonon-dielectric transport. Their model assumed that the phonons from Au 
pass directly to the substrate when the interlayer thickness is smaller than phonon 
wavelength, whereas phonons with wavelength smaller than interlayer thickness 
come directly from the interlayer. They ignored the effect of the electron-phonon 
coupling in both metal and interlayer. Blank and Weber[15] studied the thickness 
dependence of a Cu interlayer by developing a model that accounts for both phonon-
phonon interactions and electron-phonon coupling in the interlayer. With the 
experimental values for G as a starting point in the limit of zero interlayer thickness 
and fitting for g of the interlayer, their model reproduced the evolution of G with 
thickness in Au/sapphire, Au/diamond, and Au/Si systems.
 In this work, we study the effect of a Ni or Ta interlayer at the Al/sapphire 
and Al/Si interfaces. By choosing vibrationally matched or mismatched interlayers 
with differing values of g, we aim to further elucidate the relative importance of 
these factors in how G evolves for interlayer thicknesses below 10 nm. We are 
concerned with interlayer thickness less than 10 nm because for applications such as 
plasmonic devices, it is important to tailor heat dissipation without introducing 
materials that give rise to optical losses, so the interlayer thickness needs to be as 
small as possible. Ni was chosen as an interlayer because it has relatively similar 
acoustic properties to that of Al and the substrates, but has higher g than Al. In the 
case of Ta, it has dissimilar acoustic properties with respect to Al and the substrates, 
but Ta has a value for g even higher than both Ni and Al. We will show that the 
value of g has a major influence on the sharpness of the evolution of G with 
interlayer thickness, and we will test the influence of the various assumptions used 
to model this behavior.
Experiment
We deposited Al as the top metal and interlayers (Ni or Ta) on c-sapphire 
(0001) and Si substrate by dc magnetron sputtering in an argon atmosphere with a 
base pressure of ~ 1×10-7 Torr. The depositions were carried out at 200 W and 3 
mTorr with rates for Al, Ni and Ta of 1.1 Ås-1, 1.4 Ås-1 and 1.8 Ås-1, respectively.  
Prior to the metal bilayer deposition, the substrates were cleaned by sonicating in 
acetone and isopropanol (~10 min each) using an ultrasonic bath. The thickness of 
the metal bilayers were estimated by the deposition rates and confirmed using 
picosecond acoustics and profilometry. The Al thickness was measured to be ~ 50 
nm for all samples, and the interlayer thickness was varied between 0.25 nm to 10 
nm.
The thermal properties of the metal-interlayer-substrate system were 
measured using a time domain thermoreflectance (TDTR) set-up [17,18]. This 
technique uses an ultrafast pump beam to heat up the sample surface, and an ultrafast 
probe beam probes the change in reflectivity as a function of time, thereby sampling 
the changes in surface temperature through thermoreflectance. The relative arrival 
time of the pump and probe beams is controlled by an optical delay stage, either in 
the pump or probe beam path. We use an ultrafast fiber laser (Amplitude Laser, 
Satsuma HP2) that generates pulses centered at 1030 nm at a repetition rate of 40 
MHz. We use two wavelengths for the probe and pump beams where the latter has 
been frequency doubled from 1030 nm to 515 nm. The pump beam passes through 
an electro-optic modulator (Conoptics, 350-160) to impose a square wave 
modulation at 1 MHz to facilitate lock-in detection (Zurich Instruments, HF2LI). 
Pump and probe beam spot sizes were measured at 7.5 μm and 4.1 μm, respectively, 
using a knife-edge technique. The thermal properties of interest are extracted by 
fitting the experimental data to the solution of the heat diffusion equation for a 
periodic point source on a semi-infinite layered media[19]. We fit for the thermal 
boundary conductance G of the metallic-bilayer/substrate interface and the thermal 
conductivity ksub of the substrate. The extracted ksub matches the bulk literature 
values within the experimental error. For fitting purposes the metallic bilayer is 
considered as a single layer having a thickness equal to the total bilayer thickness 
and volumetric heat capacity equal to the thickness-weighted value. The thermal 
conductivity of the bilayer was obtained through the Wiedemann-Franz Law and 4-
point-probe measurements of the electrical conductivity of the metallic films. All 
volumetric heat capacity values were obtained form the literature.
Modeling of G for the metal-interlayer-substrate system
At metal-dielectric interfaces both phonon and electron transport channels 
should be considered, together with the electron-phonon coupling g which governs 
the rate at which energy is transferred between these channels[20] and affects the 
overall thermal boundary conductance G. In the presence of an interlayer, several 
energy transfer pathways exist among the channels. Following the approach of Blank 
and Weber[15], we consider the total G involving two parallel pathways: pathway 1 
and pathway 2 (Figure 1). We ignore interfacial electron-phonon coupling, as this 
was shown to play a role only at high electron temperatures, a regime not reached in 
these experiments[18] . The energy transfer begins with the laser-excited electrons 
in the top metal and ends with phonon transport in the dielectric substrate.
In pathway 2 the electrons in the top metal interact with the electrons in the 
metallic interlayer to transfer energy (Gee). After this, the interlayer electrons transfer 
their energy to the lattice via electron-phonon coupling (Gep,2). Finally, the phonons 
in the interlayer transfer energy to phonons in the substrate (Gpp,2). Given the 
nanometric thickness of the interlayer, we only consider phonons with wavelength 
smaller than the interlayer thickness to participate in this pathway[14,15]. The 
addition of an interlayer with an electron-phonon coupling constant higher than that 
of the top metal layer can result in back transfer of heat from the interlayer to the top 
metal layer (Gb). This occurs because the phonon temperature in the interlayer is 
larger than that of the top metal. This effect however only lasts for a few 
picoseconds, as the electron and phonon temperatures equilibrate in both the top 
metal and interlayer. We analyze the system response starting from 100 ps after the 
arrival of the pump pulse, thus the contribution of Gb to the overall conductance 
measured can be ignored[18]. The total interfacial conductance due to pathway 2 
can be expressed assuming the resistance due to all three energy transfer steps are in 
series as:
(1)
1
𝐺2 = 1𝐺𝑒𝑒 + 1𝐺𝑒𝑝,2 + 1𝐺𝑝𝑝,2
In pathway 1, electrons couple with the phonons in the metal (Gep,1), and 
subsequently the phonons exchange energy with the substrate (Gpp,1). Phonons from 
the metal layer pass directly to the substrate if the phonon wavelength is larger than 
the interlayer thickness, as done previously[14,15]. The total interfacial conductance 
due to pathway 1 can again be expressed assuming the resistances are in series as: 
(2)
1
𝐺1 = 1𝐺𝑒𝑝,1 + 1𝐺𝑝𝑝,1
In the following we will outline how the components of Eqs. (1, 2) can be treated, 
including considerations for finite size effects, and finally we will combine the 
results into a total value for G for both pathways.
To model the phonon thermal transport at the interface between metal and 
dielectric (Gpp,1 and Gpp,2) we use a modified diffuse mismatch model (DMM) [21]. 
We consider realistic phonon dispersion relations to calculate the phonon 
transmission coefficient and G[22], and assume an isotropic phonon dispersion 
along the crystal growth direction[14]. Assuming an isotropic phonon dispersion 
makes the computation less time consuming and is a good enough approximation of 
the three-dimensional phonon dispersion[21]. We use different DMM scattering 
models (in the limits of purely elastic scattering or considering all elastic and 
inelastic scattering processes) and the role of including optical phonons to check the 
importance of this assumption on the systems studied here[23]. For elastic scattering, 
the phonon transmission probability from material A to B can be expressed as [21]: 
(3)𝛼𝐴→𝐵 = ∑𝑗,𝐵ℏ𝜔𝑗,𝐵𝑞 2𝑗,𝐵𝜐𝑗,𝐵𝑓𝐵𝐸∑
𝑗,𝐵ℏ𝜔𝑗,𝐵𝑞
2
𝑗,𝐵𝜐𝑗,𝐵𝑓𝐵𝐸 + ∑𝑗,𝐴ℏ𝜔𝑗,𝐴𝑞 2𝑗,𝐴𝜐𝑗,𝐴𝑓𝐵𝐸
On the other hand, for the case of all elastic and inelastic scattering processes, the 
phonon transmission probability from material A to B can be expressed as [21]: 
(4)𝛼𝐴→𝐵 = ∑𝑗,𝐵∫ℏ𝜔𝑗,𝐵𝑞 2𝑗,𝐵𝜐𝑗,𝐵𝑓𝐵𝐸𝑑𝑞𝑗,𝐵∑
𝑗,𝐵ℏ𝜔𝑗,𝐵𝑞
2
𝑗,𝐵𝜐𝑗,𝐵𝑓𝐵𝐸𝑑𝑞𝑗,𝐵 + ∑𝑗,𝐴ℏ𝜔𝑗,𝐴𝑞 2𝑗,𝐴𝜐𝑗,𝐴𝑓𝐵𝐸𝑑𝑞𝑗,𝐴
In the above expressions, j refers to the phonon branch,  is the reduced Plank ℏ
constant,  is the phonon angular frequency,  is the phonon wave vector,  is the ω 𝑞 𝜐
phonon group velocity,  is the Bose-Einstein 𝑓𝐵𝐸 = 1/[exp (ℏ𝜔𝑗,𝐵/𝑘𝐵𝑇) ‒ 1]
distribution,  is Boltzmann’s constant, and T is the temperature. The phonon 𝑘𝐵
dispersion of each branch  is obtained by using a polynomial fit to the ω𝑗(𝑞)
experimental dispersion curves along the preferential growth direction reported for 
our substrates. We choose  for Al,  for Ni and  Γ→𝑋 (001) Γ→𝐿 (111) Γ→𝑁 (011)
for Ta[24,25]. The dispersions for the substrates follow their orientation: Γ
 for c-sapphire, and  for Si[26,27]. The summation is →𝑍 (0001) Γ→𝑋 (001)
performed either over all phonon branches or for the acoustic branches only, to 
determine the relative importance of optical phonons. Finally, the total thermal 
boundary conductance can be expressed as a first order derivative of total heat 
current density with respect to temperature:
(5)𝐺𝑝𝑝 = 18𝜋2∑𝑗,𝐴∫𝑘𝑗,𝐴ℏ𝜔𝑗,𝐴𝑞 2𝑗,𝐴|𝜐𝑗,𝐴|𝛼𝐴→𝐵𝑑𝑓𝐵𝐸𝑑𝑇 𝑑𝑞𝑗,𝐴
Eq. (5) can be used to calculate the total Gpp at interfaces, but this expression 
does not directly allow to limit the calculation to only a fraction of the phonon 
spectrum. Based on the discussion above, we would like to consider the fraction of 
phonons with wavelength  less than or equal to the interlayer thickness , thus we 𝜆 ℎ
would like to limit the integration to . This is more easily accomplished by 𝜆𝑚𝑎𝑥 = ℎ
changing the integration variable from  to  using the relation . The 𝑞 𝜆 𝑞 = 2𝜋/𝜆
accumulation of thermal boundary conductance[14,28] as a function of phonon 
wavelength can then be expressed as: 
(6)𝐺(𝜆 < 𝜆𝑚𝑎𝑥)𝑝𝑝,𝑎𝑐𝑐𝑢𝑚 =‒ 18𝜋2∑𝑗,𝐴∫𝜆𝑚𝑎𝑥𝜆𝑚𝑖𝑛 ℏ𝜔𝑗,𝐴𝑞 2𝑗,𝐴|𝜐𝑗,𝐴|𝛼𝐴→𝐵𝑑𝑓𝐵𝐸𝑑𝑇 2𝜋𝜆2𝑑𝜆𝑗,𝐴
where represents the shortest wavelength phonon at the Brillouin zone edge and 𝜆𝑚𝑖𝑛 
 is the limit to phonon wavelength we would like to impose. The thickness 𝜆𝑚𝑎𝑥
dependent G(h)pp,1, which for pathway 1 should not include phonons with 
wavelengths that can exist in the interlayer (those are considered in pathway 2) can 
therefore be calculated using[14]: 
(7)𝐺(ℎ)𝑝𝑝,1 = 𝐺𝑝𝑝,𝑠𝑎𝑡 ‒ 𝐺(𝜆𝑚𝑎𝑥 = ℎ)𝑝𝑝,𝑎𝑐𝑐𝑢𝑚
where Gpp,sat is the saturated value of as . The shape 𝐺𝑝𝑝,𝑎𝑐𝑐𝑢𝑚(𝜆 < 𝜆𝑚𝑎𝑥) 𝜆𝑚𝑎𝑥→∞
of the  curve decreases with increasing interlayer thickness, since the 𝐺(ℎ)𝑝𝑝,1
contribution to the total G from phonons originating in the metal and transmitting 
into the substrate decreases as more of the phonons are cut-off.
In a similar way, for pathway 2, where the contribution of phonon conduction 
from the interlayer into the substrate increases with interlayer thickness as more 
phonon wavelengths are allowed, the thickness dependence is given by
(8)𝐺(ℎ)𝑝𝑝,2 = 𝐺(𝜆𝑚𝑎𝑥 = ℎ)𝑝𝑝,𝑎𝑐𝑐𝑢𝑚
The expressions above account for finite size effects by forbidding interlayer 
phonon wavelengths longer than the interlayer thickness, but this phenomenological 
treatment does not account for changes in phonon band structure in thin slabs, and 
still assumes a bulk-like phonon dispersion. We have modeled changes to the 
phonon band structure in Silicon ultra-thin slabs due to phonon confinement and 
have found that the phonon band bending near the Brillouin zone center or the 
creation of quasi-optical bands in slabs as thin as 0.54 nm alter the value for Gpp 
obtained by the DMM by only 6% in a Silicon/Germanium interface. While this 
treatment is not as complete as molecular dynamics, non-equilibrium Green’s 
function or Boltzmann transport approaches, it provides us some confidence that in 
our DMM framework the tunneling and accumulative effects in phonon transport 
outlined above are more dominant than phonon confinement effects.
We now turn to the remaining terms contributing to the heat conduction 
pathways. The thickness-dependent resistance due to the electron-phonon coupling 
in an interlayer with thickness h can be evaluated by[29]:
(9)𝐺𝑒𝑝,2 = ℎ𝑔
This expression is valid for sub-nanometer thick layers, where electron-
phonon coupling is incomplete. The contribution from electron-phonon coupling in 
the top metal layer (~50 nm thick) can be calculated using , where  𝐺𝑒𝑝,1 = 𝑘𝑝𝑔 𝑘𝑝
is the phonon contribution to the thermal conductivity of the metal[20]. In our work 
the contribution of Gep,1 is negligible, since Al has a high value for g, and there is 
small electron-phonon non-equilibrium (negligible resistance) in top Al layer. The 
thermal boundary conductance at the interface between two metals due to electron-
electron interaction can be expressed as[30]: 
(10)𝐺𝑒𝑒 = 𝛾𝑒,𝐴𝜈𝑒,𝐴𝛾𝑒,𝐵𝜈𝑒,𝐵4(𝛾𝑒,𝐴𝜈𝑒,𝐴 + 𝛾𝑒,𝐵𝜈𝑒,𝐵)𝑇
where  is the Sommerfeld parameter for metal A,  is the electronic 𝛾𝑒,𝐴 = 𝐶𝑒,𝐴 𝑇 𝐶𝑒,𝐴
heat capacity and  the fermi velocity. 𝜈𝑒,𝐴
The total interfacial conductance predicted by this framework in the presence 
of an interlayer can be calculated assuming the resistances due to the two pathways 
are parallel to each other. The total contribution is therefore:
(11)𝐺𝑚𝑜𝑑𝑒𝑙 =  𝐺1 + 𝐺2
As the interlayer thickness increases and becomes comparable to the largest phonon 
wavelength in interlayer, the contribution from G1 in pathway 1 becomes negligible. 
On the other hand the contribution from G2 in pathway 2 becomes larger with 
interlayer thickness, with the growth rate being dominated by Gpp,2 and Gep,2, since 
the values for Gee are typically large. In the results that follow, the relative 
contributions of each pathway is shown, together with the DMM results obtained 
using different phonon scattering assumptions or the inclusion of optical phonons.
Results and Discussion
We present first the measured thermal boundary conductance of the reference 
Al/Si and Al/sapphire systems without the Ni and Ta interlayers, and summarize the 
results in Table 1. The thermal boundary conductance in the absence of interlayers 
for Al/Si and Al/Sapphire was measured to be 250 MWm-2K-1 and 200 MWm-2K-1, 
respectively. The G value measured (Gexpt) are in good agreement with our previous 
reports[31,32] and in general are in line with literature values[4,28,33,34] although 
some variation in the reported values can be attributed to differences in residual 
impurities on the surface of the substrate. The G values predicted from the model 
(Gmodel) for Al/Si and Al/sapphire are 245 MWm-2K-1 and 235 MWm-2K-1, 
respectively when considering all inelastic processes and acoustic phonons only, 
whereas the values increase to 290 MWm-2K-1 and 410 MWm-2K-1, respectively 
when considering also the optical phonon contribution. A comparison between Gexpt 
and Gmodel indicates that optical phonons in sapphire and silicon contribute very little 
to the total thermal boundary conductance, particularly for sapphire. This contrasts 
with the differences produced by the DMM model when optical phonons are 
considered, as the Gmodel increases by 18% and 74% for Al/Si and Al/sapphire, 
respectively. On the other hand, the difference in Gmodel when only elastic scattering 
is considered is not pronounced, since there is almost no energy overlap between the 
Al phonon dispersion and the optical branches in Si or sapphire (see Figure 6). The 
results lead us to conclude that even though the inclusion of optical phonons makes 
a marked difference in the inelastic DMM result, their actual contribution to heat 
transport is not as pronounced, and an inelastic treatment of acoustic phonon modes 
is sufficient to explain the results. The minimal contribution of optical phonons is 
not caused by a low heat flux contribution due to the relatively flat optical bands, 
since the model would predict a significant enhancement in G when these are 
considered[21]. While we don’t exclude that optical modes may participate 
somewhat in the heat transport, particularly where the optical mode energies are not 
significantly above the acoustic ones, their incorporation within the DMM 
framework tends to overestimate their contribution. The overestimation likely 
originates from the way inelastic scattering is modeled, where n-phonon processes 
are considered equally as likely, contrary to expectations. Other implementations of 
the inelastic DMM have been developed to insure phonon number conservation (see 
for example Ref. 35), but these are not treated in this work.
Nickel Interlayer
Figure 2 shows the evolution of G as measured and as predicted by the thermal 
model, as a function of Ni interlayer thickness for the Al/Ni/sapphire system. As the 
Ni thickness increases, G has a local minimum at around ~ 0.75 nm. The presence 
of the local minimum can be attributed to the similar vibrational properties of Ni and 
Al (Table 2) and the higher electron-phonon coupling strength of Ni (g = 0.36 × 1018 
Wm-3K-1) with respect to Al (g = 0.23 × 1018 Wm-3K-1). Al/sapphire and Ni/sapphire 
have similar Gpp due to the similar vibrational properties of Al and Ni. Hence, at 
higher and lower interlayer thicknesses the G values are similar and approach the 
bulk value of the Ni/sapphire and Al/sapphire interfaces, respectively. At lower Ni 
thicknesses, pathway 1 dominates over pathway 2 (higher G) because of two 
reasons: 1) low phonon contribution from the interlayer due to its low thickness 
having few allowable phonon modes makes Gpp,2 small, and 2) low conductance 
through the electron-phonon coupling in Ni, again due to the low Ni thickness, 
makes Gep,2 small. These low conductances acts in series reducing the overall 
conductance of pathway 2. As the Ni thickness increases, the phonon conduction 
contribution of the interlayer increases as does the conductance from the electron-
phonon coupling. At the same time the conduction through pathway 1 decreases, 
since more phonon modes are excluded from Gpp,1. Figure 2 shows the evolution of 
the model as a function of thickness when including (black line) or excluding (green 
line) the electron-phonon coupling contribution of the interlayer. It is clear that the 
local minimum originates from the electron-phonon coupling in the interlayer, which 
increases the resistance in pathway 2. This overall evolution of the model is in good 
agreement with the experiment.
In order to check the influence of the assumptions in the DMM model, we 
performed the DMM analysis assuming elastic and inelastic scattering at the 
interfaces. Figure 2 compares the evolution of the modeled G under differing 
assumptions. The black curve considers inelastic interactions with the acoustic 
phonons in sapphire, whereas the pink line considers elastic interactions only. The 
blue and red curves instead compare the inelastic or elastic interactions of all phonon 
modes, including the optical branches in sapphire. As expected, including optical 
modes has a negligible role in the elastic models, given the low energy overlap in 
the dispersions (see Figure 6). Therefore, going forward we will not further discuss 
the difference obtained by including optical modes in the elastic models. As seen in 
Figure 2 for the acoustic-only models, harmonicity is not a dominant consideration, 
given the similarity of the Al and Ni phonon dispersions to the acoustic modes in 
sapphire. Considering inelastic contributions for acoustic-only branches increases 
somewhat the overall G, and the experimental data is in reasonable agreement with 
either of the acoustic-only models. Accounting for optical phonons in the limit of 
inelastic interactions greatly overestimates the value of G. This will be seen for all 
the data presented here and is again attributed to the equal contribution given to all 
n-phonon processes in the model.
A similar trend was observed for the Al/Ni/Si system, as shown in Figure 3, 
where the large interlayer thickness Ni/Si interface limit is similar to the Al/Si 
interface, with a local minimum. The thickness dependent G predicted from the 
model has a local minimum at ~1.5 nm, whereas the experiment shows a local 
minimum at ~0.25 nm. The accumulation of the phonon wavelength dependence in 
the model starts only at Brillouin zone edge, so any transition below its equivalent 
phonon wavelength (0.112 nm) is not captured. Near the Brillouin zone edge the 
phonon flux is also low, due to the low phonon group velocities, therefore the 
minimum observed at ~0.25 nm cannot be explained within this model. Interfacial 
adhesion effects are not captured in the model, and may play an important role in the 
rapid evolution of the thickness dependence for the Al/Ni/Si system. The acoustic 
inelastic model agrees reasonably well with the saturated experimental G values for 
Al/Si and Ni/Si.
Considering acoustic branches only in inelastic models for both the 
Al/Ni/sapphire and Al/Ni/Si systems leads to considering n-phonon processes with 
energy differences less than a factor of two. As we will see in the next section, where 
the acoustic inelastic model includes phonon energy differences greater than two, 
the predicted G overestimates the experimental data and the elastic model will be 
shown to be more accurate.
Tantalum Interlayer
When a Ta interlayer was inserted between Al/sapphire (Figure 4) and Al/Si 
(Figure 5), we observed a fast monotonic decrease in thermal boundary conductance 
with increasing thickness. The fast saturation (within 2 nm) in the Al/Ta system can 
be attributed to the strong electron-phonon coupling in Ta (g = 31 × 1018 Wm-3K-1). 
The strong g in Ta reduces the electron-phonon coupling resistance by readily 
dragging the electron and phonon baths into thermal equilibrium. Figure 4 shows 
that relatively stronger g in Ta with respect to Ni induces a fast saturation of G as a 
function of interlayer thickness. Thus, we can conclude that as the g strength 
increases, the thermal boundary conductance saturates faster as a function of 
thickness. This will be further illustrated in the next section. The large differences 
in the vibrational properties of Ta and Al (Table 2) introduce a mismatch at the 
interface, hindering phonon transmission, causing the saturated value for G to be 
very small. As can be seen in Figure 6, Ta has the worst phonon branch overlap with 
Si and sapphire, which in turn reduces the phonon flux at the interface. For both 
Al/Ta/sapphire and Al/Ta/Si systems, the G value reached a plateau at 70 MWm-2K-
1. For both experiments, the model captures a sharp decrease in thermal boundary 
conductance with a plateau starting at ~1 nm for Al/Ta/sapphire and ~ 2 nm for 
Al/Ta/Si. For the Ta interlayer, optical phonons in sapphire or Si do not contribute 
to the value of G due to the large energy difference between highest acoustic phonon 
in Ta and lowest optical phonon in the dielectric. We also note that only the elastic 
model accurately reproduces the saturated value of G. Contrary to the Ni interlayer 
case where an inelastic acoustic model seemed adequate, the Ta acoustic modes are 
more than a factor of 2 lower in energy than the lowest optical modes in the 
dielectric, and an inelastic model would likely overestimate the contributions of n-
phonon processes with large upconversion frequencies. Figure 5 is particularly 
interesting in this respect, as it shows the acoustic inelastic model reproducing the 
Al/Si limit (0 nm Ta) where anharmonicity does not involve large energy 
differences, whereas when Ta is introduced, the elastic model reproduces the trend, 
since the inelastic model would involve n-phonon processes with large energy 
differences. In order to combine these two treatments, we calculate Gpp for Al/Si 
using the inelastic model and for Ta/Si using the elastic model. Such a hybrid 
elastic/inelastic model, which introduces inelastic scattering only when the materials 
are more acoustically matched, reproduces the data well.
Role of the electron-phonon coupling constant in the interlayer
In this section we discuss further the role of g in the interlayer and compare 
its effect with the accumulation of the phonon transport channel Gpp,2. We used the 
above-mentioned formulation to predict the G evolution for the data published by 
Jeong et al.[14], who reported on the rapid change of G with thickness in the 
Au/Cr/Sapphire system and first proposed the accumulation model.
Figure 7 shows the comparison of the model and data of Ref. 14 with our 
models. Au and sapphire have greatly mismatched vibrational properties like Ta and 
sapphire. Inserting a Cr interlayer enhances the G by bridging the phonon energies 
at the interface. As can be seen in the figure, models that don’t include the effect of 
electron-phonon coupling are inaccurate in reproducing the transition around 1-5 
nm. Cr has a comparatively low g, thus inducing a slower saturation in G with respect 
to thickness at ~5 nm, as opposed to the faster saturation behaviors seen in Figures 
2-5. The plot clearly suggests that electron-phonon coupling in the interlayer should 
not be neglected, and when weak it causes a slower saturation in the thickness 
dependence of the thermal boundary conductance. Similarly to the case of Al/Ta/Si 
above, we use a hybrid elastic/inelastic model for the Au/Cr/Sapphire system, where 
the Au/Sapphire transport is treated elastically due to the high mismatch in phonon 
energies and the Cr/Sapphire transport is treated inelastically. Although our model 
reproduces the data and slow saturation relatively well, it appears that the value of g 
for Cr of 0.42 × 1018 Wm-3K-1 is smaller than what the thickness trend would suggest, 
and an increased value of 1018 Wm-3K-1 would fit better. While this is larger than the 
reported values in the literature, other effects may contribute to increasing g, such as 
interfacial contributions with the Au[36] or the oxide[37].
To further illustrate the effect of g, we plot in Figure 8 the evolution of G in 
the Al/sapphire system. In red we show the case of Al/Ta/sapphire, with a very rapid 
saturation within 1 nm. In blue and pink we artificially reduce the g of Ta by a factor 
of 100 and 1,350, respectively, to reach the g value of Au. We see that as g lowers, 
the saturation occurs at larger interlayer thickness beyond 12 nm. For comparison 
we also plot in black the Al/Au/sapphire system and show that the phonon dispersion 
of Au, with softer phonon modes than Ta, yields a slightly lower saturated G value, 
but the saturation sharpness is dominated by the g values.
Conclusion
In summary, we studied the thickness dependence of an interlayer at a metal-
dielectric boundary. We demonstrate that very thin interface layers can alter the G 
at metal/dielectric interfaces considerably. The thickness dependent thermal 
boundary conductance in Al/Si and Al/sapphire changes significantly within the 
initial few nanometers and reaches saturation before ~5 nm on addition of Ni and Ta 
interlayers. When the interlayer has a strong electron-phonon coupling constant, the 
evolution of G is fast and happens within 2 nm. When g is weak, thermal boundary 
conductance saturates slowly. Thus, the electron-phonon coupling of the interlayer 
plays a major role in determining the trend of G evolution with thickness. The diffuse 
mismatch model can be adapted to model the thickness evolution of G, and an 
inelastic model that only considers acoustic phonon branches is found to be adequate 
in similarly matched interfaces, whereas an elastic acoustic model is better suited for 
mismatched interfaces.
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Table 1: Thermal boundary conductance in the absence of the interlayers
Interface Al/Si Al/sapphire
Acoustic + Optical modes
Inelastic scattering
290 MW/(m2·K) 410 MW/(m2·K)
Acoustic + Optical modes
Elastic scattering
169 MW/(m2·K) 238 MW/(m2·K)
Acoustic modes
Inelastic scattering
245 MW/(m2·K) 235 MW/(m2·K)
Acoustic modes
Elastic scattering
169 MW/(m2·K) 228 MW/(m2·K)
Experiment 250 MW/(m2·K) 200 MW/(m2·K)
Table 2: Thermophysical properties of different materials of interest in this work. 
θD is the Debye temperature, νL, νT and νoptical are highest frequencies of the 
longitudinal optical, longitudinal transverse and optical phonon branches, 
respectively. g is the electron-phonon coupling constant.
Top Metal Interlayer Substrate
Al
θD = 428 K
νL= 9.6 THz
νT = 5.7 THz
g = 0.24×1018 W/(m3·K)
Ni
θD = 450 K
νL = 9.1 THz
νT = 4.5 THz
g = 0.36 ×1018 W/(m3·K)
α-Al2O3
θD =1047 K
νL =10 THz
νT = 6.9 THz
νoptical = 26 THz
Au
θD = 165 K
νL = 4.6 THz
νT = 2.8 THz
g = 0.023×1018 W/(m3·K)
Ta
θD = 225 K
νL = 5.5 THz
νT = 2.6 THz, 3.7 THz
g = 31×1018 W/(m3·K)
Si
θD = 640 K
νL = 12 THz
νT = 4 THz
νoptical = 15.5 THz
Cr
θD = 630 K
νL = 10 THz
νT = 6 THz, 7.7 THz
g = 0.42×1018 W/(m3·K)
Figure 1: Thermal transport mechanisms at a metal-dielectric interface in the 
presence of an interlayer. Green and black solid arrows represent heat transport 
pathway 1 and pathway 2, respectively. Black dashed arrow represents heat 
backflow from interlayer to metal.
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Figure 2: Comparison of experimental G with the model as a function of interlayer 
thickness for the Al/Ni/sapphire system. Experimental results are represented by 
filled circles. The black solid curve represents the total G evolution when 
considering all inelastic interactions with the acoustic phonons in sapphire. The 
dotted lines show the contributions due to pathway 1 and pathway 2 as a function of 
interlayer thickness. For comparison, the green curve shows the same model without 
considering the electron-phonon coupling g in the Ni layer. The red solid line 
denotes the model considering elastic interactions of all the phonon modes in 
sapphire. The blue solid curve shows the inelastic interactions of all phonon modes 
in sapphire. The pink curve is the model considering elastic processes with acoustic 
phonons in sapphire, and it is almost indistinguishable from the red curve.  
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Figure 3: Comparison of experimental G with the model as a function of interlayer 
thickness for the Al/Ni/Si system. Experimental results are represented as filled 
circles. The black solid curve represents the total G evolution when considering all 
the inelastic interactions with the acoustic phonons in Si. The red solid line denotes 
the model considering elastic interactions of all the phonon modes in Si. The blue 
solid curve shows the inelastic interactions of all phonon modes in Si. Elastic 
processes with acoustic phonons in sapphire are almost indistinguishable from the 
red curve.
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Figure 4: Comparison of experimental G with the model as a function of interlayer 
thickness for the Al/Ta/sapphire system. Experimental results are represented by 
filled circles. The black solid curve represents the total G evolution when 
considering all the elastic interactions with the acoustic phonons in sapphire. The 
red solid line denotes the model considering elastic interactions of all the phonon 
modes in sapphire. The blue solid curve shows the inelastic interactions of all 
phonon modes in sapphire. Elastic processes with acoustic phonons in sapphire are 
almost indistinguishable from the red curve.
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Figure 5: Comparison of experimental G with the model as a function of interlayer 
thickness for the Al/Ta/Si system. Experimental results are represented as filled 
circles. The black solid curve represents the total G evolution when considering all 
the elastic interactions with the acoustic phonons in Si. The red solid line denotes 
the model considering elastic interactions of all the phonon modes in Si. The blue 
solid curve shows the inelastic interactions of all phonon modes in Si. Elastic 
processes with acoustic phonons in sapphire are almost indistinguishable from the 
red curve. A hybrid elastic/inelastic model is shown in green.
Figure 6: Phonon dispersions of metals and dielectric materials used in this work. 
Blue and pink curves represent the phonon dispersion branches for sapphire and Si, 
respectively. Green, red, and black represents the Al, Ta, and Ni phonon dispersion 
branches, respectively. Note that the x-axes of the dispersion curves are normalized 
for clarity. When estimating phonon energy overlaps, comparing the dispersion 
curves with a normalized x-axis is reasonable within a DMM model, since within 
the model’s approximation momentum matching is not enforced in the calculation 
of the transmission coefficients.
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Figure 7: Comparison of our model with the results published in Ref. [14]
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Figure 8: Comparison of modeled G for the Al/Ta/sapphire system with different 
EPC values. The red, blue and pink curves show the effect of decreased g values 
from the nominal Ta value of 31 × 1018 W/(m3 ·K), and reduced to 0.31 × 1018 W/(m3 
·K) and to the value of Au of 0.023 × 1018 W/(m3 ·K). For comparison, the black 
curve is the Al/Au/sapphire system. The plot indicates that g dominates how rapidly 
the TBC saturates. 
